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ABSTRACT 
The data on metabolic rates d u r i n g  Skylab extravehicular ac t iv i t i e s  are 
presented and compared w i  t h  prior experience d u r i  ng  Gemini and Apollo. 
D i  f f i  cul t i e s  experienced w i  th Gemini extravehi cul a r  act i  v i  t i e s  are  
reviewed. The e f fec t  of  a pressure sui t  on metabolic ra te  is  discussed 
and the l i f e  support equipment capabi l i t ies  of each l i f e  support system 
are reviewed. The methods used to  measure metabolic ra te ,  u t i l i z ing  
bioinstrumentation and operational data on the l i f e  s u p p o r t  system, are  
described. Metabol i c rates are correl ated w i  t h  d i  f ferent  acti  v i  t i e s  . 
Metabolic rates i n  Skylab were found t o  be w i t h i n  the capacities of  the 
l i f e  suppor t  systems and t o  be similar to  the metabolic rates experi- 
enced dur ing  Apol l o  1 unar 1 /6-g extravehi cul a r  act i  v i  t i  es . They were 
found t o  range from 100 kcal/h t o  500 kcal/h, d u r i n g  both 1/6-g and 
zero-g extravehi cul a r  act i  v i  t i e s  . The average metabol i c rates meas- 
ured dur ing  long extravehicular acti  v i  t i e s  were remarkably consistent 
and appeared t o  be a function of  crew pacing o f  ac t iv i ty  rather than to  
the e f f o r t  involved i n  individual tasks. 
INTRODUCTION 
The prospect of pressure suit  operations outside of space vehicles and 
on the lunar surface was the source of much speculation prior t o  Gemini. 
Prediction varied from the prospect of almost e f for t less  ac t iv i ty  t o  the 
fear  tha t  w i t h o u t  the s tabi l izat ion provided by Earth gravity useful 
act i  v i  ty  would be very d i  f f i  cul t. The Skylab zero-g extravehi cul a r  
ac t iv i ty  data is  o f  part icular  i n t e re s t  when i t  i s  considered in 
combination w i t h  the Apollo and Gemini data. T h i s  paper covers the 
energy cost o f  extravehi cul a r  act i  v i  ty  from Gemini through Sky1 ab. 
Gemi n i 
A summary of the Gemini extravehicular ac t iv i t i e s ,  t h e i r  length, the 
d i f f i cu l t i e s  experienced by the crewmen, and the average and peak heart 
ra tes ,  i s  presented i n  table I .  
metabolic ra tes .  
bolic rates were above the capacity of the l i f e  support systems, both 
for  thermal control and carbon dioxide washout. 
There was no attempt t o  measure 

























































































































The energy cost  of extravehicular ac t iv i t i e s  i s  dependent t o  a large 
extent on the pressure sui t  and l i f e  support system. 
pressure s u i t  had a fixed resting position and ha 
for  extravehi cul a r  ac t i  v i  ty . Consi derabl e energy 
against the suit .  The  heat removal capacity of the l i f e  support system 
was limited physically to  about 225 kcal/h i n  Gemini 4. 
cooling l i f e  support system used on the l a t e r  tiemini units had an 
increased physical capaci ty , b u t  a t  acceptable body temperatures the 
system was limited to  about 250 kcal/h. The emphasis i n  the e a r l i e r  
Gemini extravehicular ac t iv i t i e s  was i n  the use and evaluation of 
propul s i  ve maneuvering units . Begi n n i  ng w i  t h  Gemi n i  12 increased 
emphasi s was placed on extravehi cu1 a r  act i  v i  ty technol ogy and improved 
res t ra in t  and systems. In  summary, the Gemini Program indicated t h a t  
extravehicular ac t iv i t i e s  could be much more d i f f i c u l t  and physically 
taxing than had been anticipated and t h a t  more emphasis should be 
p l  aced i n crew t r a i  ni ng and res t r a i  n t  technol ogy . 
The Gemini 
i n i  mum mobi 1 i ty  
expended working 
The gas 
Apol 1 o 
The 1 unar portion o f  the Apollo Program presented en t i re ly  different  
extravehi cul a r  act i  v i  ty problems , i, e . ,  1 /6-9 and an unknown te r ra in .  
The e f fec t  of 1/6-g on the cost of work in a pressure suit had been 
investigated by several researchers using 1/6-g simulators (1 , 2 ,  3 ) .  
Indications were t h a t  the cost  o f  walking would be reduced while the 
cost  of other ac t iv i t i e s  would be increased; however, the resul ts  and 
conclusions were by no means uniform. An additional factor of 
uncertainty was the terrain and surface composition of the moon and i t s  
e f fec t  on the metabolic cost of walking. In response to  these 
uncertainties,  conservative biomedical estimates of the l i f e  support 
requirements were defined based on the available data,  and methods t o  
measure metabol i c ra te  d u r i n g  the extravehi cul a r  act i  v i  t i e s  were 
devel oped u t i  1 i z i n g  operational data from the 1 i f e  s u p p o r t  system and 
bioinstrumentation. 
To handle h i  gh work1 oads d u r i n g  Apol l o  extravehi cul a r  act i  v i  t i e s  and 
the result ing h i g h  heat production i n  the sui t ,  a l i q u i d  cooling system 
was used. The l i q u i d  cooled garment used i n  this system could suppress 
sweating a t  work rates up t o  400 kcal/h and allow sustained operations 
a t  ra tes  as h i g h  as 500 kcal/h without thermal stress. 
Real-time estimates of metabolic ra te  were made dur ing  the lunar sur- 
face extravehicular ac t iv i t i e s  u s i n g  three parameters: oxygen bot t le  
pressure, the heat removal by the l i q u i d  cooled garment, and heart  rate.  
The noise experienced i n  the telemetered oxygen-bottle-pressure data 
made i t  d i f f i c u l t  t o  obtain re l iab le  oxygen u t i l i za t ion  rates  f o r  time 
periods of less than 30 minutes, particularly a t  low metabolic ra tes .  
The oxygen u t i l i za t ion  rates included the suit  leakage which had 
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t o  be estimated. 
pressure suit  specification was equivalent t o  a metabolic ra te  of 
approximately 50 kcal / h  
Because of the 1 imitations of the oxygen-bottle-pressure method, corre- 
la t ion of l iquid cooled garment data t o  metabolic ra te  was also used 
d u r i n g  the mission. Using a thermoregulatory mathematical model and 
empirical data on the l i q u i d  cooled garment, a relationship was defined 
between l i q u i d  cooled garment heat removal and metabolic ra te  fo r  each 
l iquid cooled garment inlet  temperature. This method was verified w i t h  
t e s t  data obtained dur ing  a1 ti tude  chamber t r a i  ni ng. 
Correlations between heart  ra te  and metabolic ra te  were obtained fo r  
each individual from a ser ies  of pref l ight  exercise response t e s t s  on 
the ergometer. The heart  ra te  method was used only as a re la t ive  
measurement because of i t s  known sensi ti v i  ty t o  psychological and 
environmental factors.  The heart ra te  method, however, when related to  
total  energy expenditure as determined by oxygen and l iquid cooled 
garment methods, permitted an estimate o f  the cost of specifrc  act ivi-  
t i e s  on a minute-by-minute basis. 
The maximum leakage ra te  of oxygen allowed by the 
The average metabolic ra tes  experienced dur ing  these extravehicular 
a c t i v i t i e s ,  as shown i n  table 11, were lower than had been predicted 
pr ior  to  Apollo, and the crewmen were able t o  move easi ly  and confi- 
dently on the lunar surface. W i t h i n  the operational c lass i f icat ion of 
ac t iv i t i e s  the most energy consuming were those c lass i f ied  as overhead. 
These ac t iv i t i e s  included egress,  offloading and setup o f  equipment 
around the lunar module vehicle, and ingress and stowage o f  l u n a r  
samples. 
of di  screte  act i  v i  t i  es (350-450 kcal / h )  were associ ated w i t h  steep 
u p h i  11 wal k i  ng traverses,  transporting of the Apol 1 o Lunar Scienti f i  c 
Experiment Package pal l e t ,  i ngressi ng the 1 unar module w i  t h  1 unar 
samples, dri 1 l ing,  and removing of d r i  11 bits .  The Apol lo  Lunar 
Sc ien t i f ic  Experiment Package deployment and geologic survey ac t iv i t i e s  
resulted i n  lower metabolic ra tes  than the overhead ac t iv i ty .  These 
ac t iv i t i e s  as a group were less  predictable and required more time for  
judgment and i n  some cases fo r  precise manual manipulation. The lowest 
metabolic ra tes  and the most c lear ly  defined operation ac t iv i ty  was 
observed while r i d i n g  the Lunar Rover. The metabolic ra tes  fo r  this 
ac t i  v i  ty  approached rates  reported for  shi r t s l  eeve r i d i n g  i n  an auto- 
mobile. 
The highest metabol i c rates experienced d u r i  ng the performance 
The highest average r a t e  of 300 kcal/h was experienced by the Lunar 
Module P i lo t  on Apollo 11. T h i s  crewman had been assigned to  the task 
of evaluating modes of locomotion dur ing  what was the shortest  extra- 
vehicular ac t iv i ty ,  and he was qui te  active i n  performing this task. 
Several crewmen experienced the m i  n i  mum average metabol i c ra tes  o f  
approximately 200 kcal/h on di f fe ren t  missions. 
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TABLE 11. AWLLO LUNAR SURFACE EXTRAVEHICULAR ACTIVITIES 
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Particular e f for t s  were made t o  r e l a t e  walking speed to  metabolic r a t e  
d u r i n g  Apollo 14 which included the most extensive wa lk ing  traverses. 
The data a re  presented i n  f igure 1 
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Figure 1. - Metabolic cost  of lunar walking. 
The data exhibited a very poor correlation between traverse r a t e  and 
metabolic ra te .  During these operational traverses i t  appeared t h a t  
the crewman maintained a comfortable walking e f fo r t  and to  a large 
extent the ra te  of travel a t  this level of e f fo r t  varied w i t h  the 
te r ra in  and the requirements of each traverse. The average speed for  
the 2.9 kilometers covered was 2.4 km/h a t  a metabolic ra te  of  
300 kcal/h. 
greater than could be achieved wearing a pressure suit  a t  one-g while 
neither speed nor efficiency was the equivalent of shirtsleeve opera- 
tion a t  one-g. 
A time and motion study ( 4  and 5 ) was carried out on Apollo 15 and 16 
u t i l i z ing  operation motion picture film and kinescope. 
compared the f a c i l i t y  and energy cost of performing several specif ic  
ac t iv i t i e s  a t  one-g d u r i n g  suited training and a t  1/6-g on the lunar 
surface. 
tasks were completed more rapidly a t  one-g than a t  1/6-g,  b u t  a t  
greater metabolic cost. 
The speed and efficiency of luna r  walking were b o t h  
T h i s  study 
One of the observations of t h i s  study was tha t  manipulative 
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In addition t o  the 14 lunar surface extravehicular ac t iv i t i e s ,  there 
were 4 zero-g extravehicular ac t iv i t i e s .  The f i r s t  was a standup extra- 
vehicular ac t iv i ty  on Apollo 9 u t i l i z i n g  a portable l i f e  suppor t  system 
and on this extravehicular ac t iv i ty  we have data ( tab le  111) similar to 
that  obtained during the lunar surface extravehicular ac t iv i t i e s .  
During the Command Module extravehicular ac t iv i t i e s  of Apollo 15, 16,  
and 17 the only data available were the heart ra tes .  
rates estimated from heart r a t e  were n o t  used t o  constrain these extra- 
vehicular ac t iv i t i e s  and i t  appears tha t  in some cases the heart rates 
were elevated due to  psychogenic causes. 
The metabolic 
TABLE 111. APOLLO ZERO-G EXTRAVEHICULAR ACTIVITIES 
Metabolic Rate 
F1 i g h t  Crewman (kcal/h) Dura t i  on-hours 
Apollo 9 Schewickart 151 0.98 
Apollo 15 Worden <237 0.66 
I rwi n* <117 0.66 
Apollo 16 Mattingly ~ 5 0 4  1.41 
Duke* n o t  measured 1.41 
Apollo 17 Evans <302 1 . l l  
Schmi tt* <143 1 . l l  
Total Time (hours) 7.38 
*Standup extravehicular ac t iv i t i e s  
Skylab 
Despite the 1 arge quantity of 1 /6-g extravehi cul a r  ac t iv i ty  data 
collected during Apollo, when the Skylab Program began, the experience 
w i t h  zero-g was limited to  s ix  hours of Gemini experience d u r i n g  which 
considerable d i f f icu l ty  was encountered and four hours of Apollo 
Command Module extravehicular ac t iv i ty  consisting o f  a standup extra- 
vehicular ac t iv i ty  and three repeti t ions of a comparatively simp1 e 
film retrieval task. The  original extravehicular ac t iv i t i e s  planned 
for  Skylab were six 3- to  4-hour extravehicular ac t iv i t i e s  primarily to  
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replace f i lm i n  the ATM cameras. The umbilical l i f e  support system of 
Skylab had a heat removal capabi l i ty  equivalent t o  the Apollo portable 
l i f e  support system. The metabolic r a t e  data were limited t o  the l iqu id  
cooled garment data and the hear t  r a t e  data because of the different 
l i f e  support system. The correlat ion o f  hear t  r a t e  and metabolic r a t e  
was based on the most recent i n - f l i g h t  experiment 11171 bicycle ergometer 
test .  The Skylab data a r e  presented i n  t ab l e  IV. 
TABLE IV. SKYLAB EXTRAVEHICULAR ACTIVITIES 
Metabolic Rates 
Mi s s i on 
SL2 EVA-1 











Duration Metabolic Rate (kcal/h) 
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31 5 265 
280 
265 240 
31 0 2 50 
225 180 






83.6 h x 230 kcal/h 
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The f i r s t  Skylab extravehicular ac t iv i t i e s  were done t o  deploy the solar  
panels. After success was achieved, and a considerable capabili ty to  
perform work i n  zero-g was demonstrated, the number of extravehicular 
ac t iv i t i e s  was increased to  10 and the duration of these extravehicular 
ac t iv i t i e s  was lengthened. These additions included the deployment of 
the solar  panels, erection of a solar canopy, repair  of an Earth 
resource antenna, replacement of a gyro six-pack and other vehicle and 
experiment repairs.  An additional extravehicular ac t iv i ty  was done to  
make observations on the Comet Kohoutek. Because of problems w i t h  one 
of the vehicle coolant loops a l l  three crewmen operated from a single 
coolant supply b u t  the comfort cooling capacity a t  the loops remained 
a t  about 400 kcal/h steady-state. No problems were experienced from 
overheating. Because of the problem w i t h  the vehicle coolant system, 
the l a s t  extravehicular activ'ity on Skylab 3 was conducted with gas 
cooling only. I t  was of limited scope and duration and no problems 
were experienced. 
The metabolic ra tes  were similar to  those on the Apollo 1/6-g extra- 
vehicular ac t iv i t i e s .  
reached while the Commander on Skylab 2 was trying to  cut a s t rap  that  
was keeping the solar  panels from deployment. The lowest ra tes  were 
resting rates and these were reached several times d u r i n g  the extra- 
vehicular ac t iv i t i e s ,  particularly a t  the times when there was not 
enough l igh t  t o  continue an ongoing ac t iv i ty  d u r i n g  a n i g h t  pass. Crew 
comments during extravehicular ac t iv i t i e s  indicated t h a t  i t  was easier  
t o  maneuver themselves and the i r  equipment i n  zero-g t h a n  i n  water t a n k  
simulations, b u t  that  adequate res t ra in ts  were even more important. 
The highest metabolic r a t e ,  500 kcal/h, was 
CONCLUSIONS 
O With adequate l i f e  s u p p o r t  equipment and adequate res t ra in ts  
the capabili ty was demonstrated to  perform varied and 
extensive extravehicular ac t iv i ty  tasks both in zero-g and 
1/6-g w i t h  considerable real-time f l ex ib i l i t y .  
O The capabili ty t o  work a t  re la t ively h i g h  levels ,  up  to  
500 kcal/h, when required was demonstrated w i t h o u t  
physiologic problems provided the l i f e  support capabili ty 
i s  adequate. 
O The average energy cost  of long extravehicular ac t iv i t i e s  
was remarkably consistent a t  about 200 to  250 kcal/h, 
and appears to  be a function of the crew pacing i t s  
ac t iv i ty  rather than to  the e f f o r t  involved i n  performing 
individual tasks . 
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